Abstract: This paper deals with the interrelationship between causal explanation and methodology in a relatively young discipline in biology: epigenetics. Based on cases from molecular and ecological epigenetics, I show that James Woodward's interventionist account of causation captures essential features about how epigeneticists using highly diverse methods, i.e. laboratory experiments and purely observational studies, think about causal explanation. I argue that interventionism thus qualifies as a useful unifying explanatory approach when it comes to cross-methodological research efforts: It can act as a guiding rationale (i) to link causal models in molecular biology with statistical models derived from observational data analysis and (ii) to identify test-criteria for reciprocal transparent studies in different fields of research, which is a shared issue across the sciences.
Unifying epigenetics and evolutionary biology
The past few decades have seen an important expansion of our understanding of inheritance and its underlying causal processes as established by genetics and the Modern Synthesis. To cope with this development, the time is right to broaden the spectrum of philosophical analysis on causation and causal explanation in biology, and to focus on disciplines and phenomena responsible for this expansion. Thus epigenetics, a relatively young field of research that challenges gene centrism, takes center stage.
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inheritance thus includes developmentally induced highly stable non-genetic cell heredity Lamb 1995, 2005) and less stable transmission between generations of organisms (Jablonka and Raz 2009) . Heritable epigenetic variation can appear with a degree of autonomy from the DNA-level. Thus epigenetics challenges gene centrism and asks for a broader notion of heredity that should be taken into consideration for inheritance and evolution.
Epigenetic inheritance systems, like chromatin-marking systems (Suzuki and Bird 2008) or RNA-mediated gene silencing (Siomi and Siomi 2009) , are highly sensitive to environmental influence. They constitute a second layer of biological information, mainly responsible for editing and realising genetic information, by switching genes on or off. These mechanisms, important for development, are involved in heredity (information transfer) as well 3 . Because of this dual nature, inducible epigenetic inheritance has often been associated with Lamarckian 'soft inheritance' or inheritance of acquired characteristics Jablonka 1995 Jablonka , 2005 Jablonka , 2008 Richards 2006; Sano 2010 ).
This claim recently has been accompanied by a common call for an 'Extended Synthesis' or even 'post-Darwinian Synthesis' which includes epigenetics 4 . Such a theory is based on a 'development first'-view on evolution, which emphasizes the evolutionary significance of developmental responsiveness. It has to be supported by a new methodological and explanatory framework that revises traditional disciplinary boundaries, especially those between molecular and developmental biology on the one hand and evolutionary biology on the other. This framework has yet to be developed.
Despite the vast amount of new data and epigenetic heredity models coming from manipulative experiments in molecular biology, some critics still claim that the transgenerational transfer of epigenetic information does not have an impact on natural population dynamics and is therefore irrelevant for evolutionary biology: Their argument relies on the fact that, contrary to genetic variation, body-to-body transfer of epigenetic variation shows relatively limited heredity because of unstable states and high mutation rates (Hall 1998; Pál and Hurst 2004; Walsh 1996) . To face these critics, additional research efforts stretching out to ecologically relevant circumstances have to be made. Such observational studies are crucial to estimate how stable or invariant transgenerational epigenetic effects are in natural populations.
It is at this point where epigenetics and evolutionary biology face a major explanatory and methodological problem: If epigenetics want to become a discipline involved into evolutionary biology, it has to be able to interrelate molecular biologists' causal explanations with statistical explanations of ecologists (Griesemer 2011; Richards et al. 2010) . This problem has to be solved in order to link observational studies in the recently emerging field of ecological and evolutionary epigenetics to causal reasoning in experimental (molecular)
epigenetics. In the philosophical literature on causation the molecular biologists' view on causal explanation is commonly treated as a mechanistic account of explanation (Bechtel and Abrahamsen 200; Darden 2005; Machamer et al. 2000; Tabery 2004 ): According to such an account, explanation is achieved when one shows how a phenomenon is produced by a mechanism (statistically relevant correlations alone are considered to be insufficient for a causal explanation). In contrast, ecologists (and epidemiologists) develop statistical models to make inferences from observational data (Royle and Dorazio 2008; Shipley 2000) ; until now many ecological mechanisms are not well known (Raerinne 2011 ).
I will argue that an essential stepping stone to unite developmental and evolutionary biology in general and epigenetic subdisciplines in particular is to establish a unifying way of causal explanation guiding research on joint phenomena. James Woodward's interventionist account of causation (Woodward 2003) will be presented as a good candidate to solve this translation or unification problem in epigenetics: I will show (i) that it provides an explanatory framework essential to link explanations in ecological observational data analysis to manipulation-based causal explanations in molecular biology and (ii) that it has the capacity to identify test-criteria and research strategies for reciprocal transparent studies. Thus interventionist explanation can act as a rationale guiding causal reasoning in different fields of research. In molecular and ecological epigenetics it provides a crucial heuristic tool to coordinate transdisciplinary, cross-methodological investigations on causal relationships.
The interventionist account of causal explanation
The idea that causal relationships are somehow exploitable for purposes of control and manipulation has intuitive appeal. Francis Bacons came up with this idea in his Novum
Organon (Bacon 1620) . According to Bacon, we can only uncover and explain the hidden causal structures that nature hides from us by interacting with them (i.e. manipulating putative causes). This account of causal explanation has been further developed in the 20th century by philosophers (Menzies and Price 1993, von Wright 1971) as well as scientists (Freedman 1997 , Holland 1986 , Pearl 2000 . It is commonly called the manipulationist account of causal explanation. The discussion of causal explanation in epigenetics presented below will mainly focus on James Woodward's interventionist account (Woodward 2003 (Woodward , 2004 (Woodward , 2007 Woodward and Hitchcock 2003) 5 . The general applicability of interventionism to causal reasoning in biology has been demonstrated by Waters (2007) and Woodward (2001 Woodward ( , 2010 This formula can be summarized under the slogan "invariance under interventions" (Woodward 2003, 250 For instance, let us consider an experiment designed to determine whether treatment (variable T that takes one of the two values 1 and 0) with a drug causes recovery (R) from a disease by killing (K) a sort of bacterium. To determine the validity of the experiment we need to rule out the possibility that there are causes of R that are correlated with an intervention (I) on T, and that affect R independently of the causal pathway I→T→K→R. As will be argued below, such an experimental design (i.e. fixing off-path variables by additional manipulations) 5 In contrast to the notion of manipulation, Woodward refers to a special kind of manipulation relevant to causal explanation. These manipulations are called interventions: Interventions are not based on any kind of human agency, which is often thought to be necessary for these interventions to be carried out. Thus Woodward's interventionist account offers a non-reductive account of causal explanation, which has to be distinguished from other reductive manipulationist accounts. 6 For a more detailed description of these criteria, see Woodward 2003, 94-99. provides the methodological basis for causal reasoning in molecular studies on epigenetic inheritance systems. would be a way of manipulating or altering the phenomenon explained" (Woodward 2003, 11) . Following this explanatory approach, scientists derive generalizations from counterfactual situations which would be "invariant [i.e. they would hold] under some appropriate set of interventions" (Woodward 2003, 15 ).
Giving the experiment described above an interventionist/Woodwardian reading, the causal generalization "treatment with the drug causes recovery from a disease by killing a sort of bacterium" is invariant under a set or range of interventions that could be performed on the cause variable (treatment) to change the value of the effect variable (recovery). Concerning this set of manipulations, his generalization has explanatory power.
Recently some philosophers of science have argued that the description of mechanisms (rather than invariant dependencies) adequately accounts for the explanatory practice of scientists (Bechtel and Abrahamsen 2005; Darden 2005; Machamer et al. 2000; Tabery 2004) (Vastenhouw et al. 2006) or by exposing organisms to an enriched environment, including novel objects and elevated social interactions (Arai 2009) to induce certain (heritable) phenotypic effects. These methods take into account the high degree of developmental responsiveness and variability in epigenetic systems. In addition, genetic and environmental off-path variables have to be controlled for while wiggling epigenetic processes to preclude that any genes or environmental factors have causal influence on the observed (transgenerational) phenotypic effects. Thus multifactorial experimentation, a tool well known from genetics, takes the next level in epigenetics:
Epigeneticists have to manipulate three different types of variables -epigenetic, environmental and genetic ones.
But are these manipulations in molecular epigenetics really interventions in the sense described by Woodward's account? And does epigeneticists' causal reasoning rely on counterfactuals? These two crucial questions will be addressed now by pointing to a lab study done by Vastenhouw et al. (2006) , which exhibits a commonly used design in experimental epigenetics. Nadine Vastenhouw and her colleagues investigated long-term (i.e.
transgenerational) gene silencing in the nematode Caenorhabditis elegans mediated by a process known as RNA interference (RNAi) 8 . They used a mutant strain with a gene (gfp)
expressing green fluorescent protein (GFP) under the control of a germline-specific promoter;
worms which expressed GFP in the germline fluoresced green when exposed to ultraviolet illumination. They then fed the animals bacteria that express double-stranded RNA (dsRNA)
homologous to the gfp-DNA-sequence. This dsRNA triggered silencing of the gene gfp in the germline and lead to a heritable 'weaker-green phenotype' with reduced or no GFP expression. By selecting for this new phenotype gene silencing could be inherited for at least 80 generations. Figure 1 shows two path diagrams of the assumed causal system before and after the change in nutrition. This experiment by Vastenhouw and her colleagues can easily be given an interventionist reading: The causal generalization G "environmentally induced gene silencing (i.e. epigenetic variation) produces a new phenotype that is heritable over many generations of sexual reproduction" is invariant under intervention on the value of the environmental (cause) 8 In RNA interference small RNA molecules bind to other specific messenger RNA (mRNA) molecules and either increase or decrease their activity (e.g., by mRNA degradation, which prevents mRNA from producing a certain protein). In addition, these small molecules can regulate the activity of genes directly on the DNA-level (e.g., by inducing DNA methylation). RNAi is involved in directing development and defending cells against parasitic genes. For a detailed description of RNAi-mediated gene silencing pathways, see Siomi and Siomi 2009. variable to change the value of the transgenerational phenotype. According to Woodward, this generalization rightfully claims explanatory power, because the manipulations performed in this experiment show the specific kind of causal structure described by the notion of intervention:
(i) intervention 1 (I 1 ) on the environment variable avoids affecting other (environmental and genetic) causes of the phenotype -by feeding C. elegans bacteria expressing doublestranded-RNA only in the F 0 generation the new phenotype cannot be induced by the environment in every generation anew (without inheritance of genetic or epigenetic variation taking place) and by using non-mutagenic substances a change in the genetic material can be prevented (see two arrow-breaking events on the pathways 'environment
(ii) intervention 2 (I 2 ) on the genetic variation variable represents using a strain of genetically identical organisms and selecting for the induced transgenerational phenotype (phenotype i ) in every generation (starting from F 1 ), thus fixing the genetic variation variable to value {wt} (see two arrow-breaking events on the pathways 'genetic variation → epigenetic variation' and 'genetic variation → phenotype' in figure 1B ). Thus the interventionist approach to causation suitably describes the way molecular epigeneticists think about causation and causal explanation. However, these scientists seem not to regard invariant generalizations as explanatorily sufficient, since they seek to articulate the mechanisms explaining how an observed dependency relation arises, too. For example,
Vastenhouw and her colleagues ask: "Is RNAi the mechanism behind the initial silencing?" (Vastenhouw 2006, 882) 11 . Others hope that including characterization of mechanisms underlying dependency relationships will "lead to a more complete and better defined [causal] picture" (Rassoulzadegan et al. 2006, 473) . It is not surprising that in molecular studies on epigenetic inheritance phenomena we find such 'mechanism talk'. But explaining a phenomenon by describing a mechanism for that phenomenon is just a second explanatory step for epigeneticists that has to be distinguished from interventionist explanation 12 . As will be demonstrated below, the interventionist strategy of causal explanation alone is sufficient to establish (non-mechanistic) causal explanations precisely enough to develop new methodologies and to guide further research -even across disciplinary boundaries -on (the mechanisms of) the phenomenon under study. However, this special heuristic role of Woodwardian explanations does not render mechanistic explanation redundant in epigenetics.
The experimental study discussed above shows why multifactorial manipulation on different levels (environmental, epigenetic and genetic) is a necessary methodological tool in order to correctly prove invariance under intervention in molecular epigenetics. These lab-documented invariance states provide valuable insight into causal relationships within a certain set of variables. However, the relevant question addressed here is whether these dependency relations in artificial epigenetic systems occur under natural conditions as well 13 .
The loss of similarity between natural and artificial epigenetic systems in epigenetics is addressed by critics who claim that epigenetic variation likely has no impact on natural populations (e.g., Pál and Hurst 2004) . This critique heavily relies on the argument that molecular epigeneticists use invalid counterfactuals, or rather that they use generalizations holding solely in counterfactual situations. They do not assume that such counterfactuals are too vague to lead to an appropriate experimental design (since they are in fact able to do so), nor do they claim that generalizations on causal relationships in epigenetics are not invariant in the sense described by Woodward 14 . In fact, it is argued that the artificial situations going along with epigenetic causal reasoning are not counterfactual in nature, because there is no real-world counterpart for them.
To illustrate this crucial problem, let's have a look at another experimental study on RNA interference: Rassoulzadegan et al. (2006) showed that the injection of small RNAs into fertilized eggs causes a heritable epigenetic modification (paramutation) in male mice, which results in white tail-tips and paws. However, they had to admit: "The initial event inducing paramutation is not known" (Rassoulzadegan et al. 2006, 473 ; emphasis added). There is no 'real environment'-value known that the inducing cause variable could take.
However, some phenotypes caused by natural (heritable) epigenetic variation are already known (Bossdorf et al. 2008 ), but identifying relevant causal relationships between epigenetic variation and environmental or genetic variables remains tricky in the absence of experimental analysis 15 . Without manipulative tools available, distinguishing a stable epigenetically caused phenotype from a genetically caused one is nearly impossible. Thus still most of the (heritable) variation in epigenetic systems known is brought about in the lab under artificial situations.
13 It should be mentioned that this distinction between artificial and natural epigenetic systems is not a clear-cut one. In biology artificiality comes in degrees -it appears in field studies as well (e.g., by choosing a suitable population or ecosystem). Here 'artificial conditions' refers to research practices based on physical manipulation. 14 As the case of Vastenhouw et al. 2006 demonstrates in an exemplary manner, causal explanation in experimental epigenetic studies focuses on Woodward's notion of invariance rather than on the notion of stability, advocated by Sandra Mitchell (e.g., Mitchell 2000) . According to Mitchell, a generalization is called stable if it holds in many possible background conditions. Testing stability is rarely used in epigenetics (an exception is Jablonka and Raz 2009 -this survey should give proof that a certain epigenetic dependency relation can be found in a variety of species). For a discussion on the relevance of Woodward's notion of invariance and Mitchell's notion of stability in biological causal reasoning, see Woodward 2010. 15 As Vastenhouw and her colleagues showed, such an experimental analysis does not necessitate articulating molecular mechanisms in order to conclude whether an induced phenotypic effect is caused by a genetic or an epigenetic modification -demonstrating invariance under intervention is sufficient to do so.
To gain knowledge of real-world causal processes underlying natural epigenetic variation (i.e.
the naturally operating counterparts of artificial conditions in the lab) and to estimate the evolutionary relevance of epigenetic inheritance, it is important that the population or ecological level is made assessable to causal reasoning, too. This goes along with the problem mentioned earlier of linking causal (molecular) models based on counterfactual reasoning and multifactorial manipulation with quantitative (i.e. statistical) models derived from observational data analysis. I will outline a solution to this 'translation problem' below. This methodological distinction leads us to the essential questions: Do ecology epigeneticists infer causation from correlation patterns in observational data on natural populations by means of the molecular epigeneticists' view of causal explanation, i.e. the interventionist account? Does interventionism provide epigenetics with reliable criteria to develop methodological strategies that enable these scientists to translate causal molecular models into statistical models and vice versa? I will argue that the answer to both questions is "yes".
At first sight this might look strange, simply because we are not able to manipulate purely observational data. This is well known at least since Robert Lucas (1976) stated that in observational studies we always generate structure-altering effects when performing interventions on the data given. If we nevertheless claim that in observational studies it is useful to think about causation as being potentially exploitable for purposes of manipulation, it is therefore necessary to present a notion of invariance under intervention that (i) accounts for statistical methods used in the relevant (sub)discipline,
(ii) is a counterfactually defined notion in the sense described above and (iii) is backed up by 'context information' that tells us in which observational studies the interventionist rationale should be chosen over non-manipulative, noncounterfactual ways of causal explanation.
Recently Federica Russo (Russo 2011 (Russo , 2012 Russo et al. 2011) , focusing on structural equation modeling techniques in observational studies in the social sciences, argued against condition (i), that Woodwardian invariant generalizations are not central to causal inference in observational contexts, since testing the condition of invariance does not take manipulation as methodologically fundamental:
Rather than manipulation, the basic idea or rationale underpinning causal analysis [in observational and in experimental contexts] is that some form of joint variation between variables of interest has to be evaluated. (Russo et al. 2011, 52; emphasis in original) According to Russo, the notion of (co-)variation of variables acts as a precondition to the notion of manipulation and not vice versa: Therefore in non-experimental contexts the first question to be asked is whether a data set reveals meaningful co-variation between putative cause and effect variables. Subsequently, scientists can use further tests, like the one for invariance, to determine whether the observed co-variation is in fact causal 16 .
Against condition (ii), Russo argues that even if statistical techniques which manipulate
values of variables in a data set are used in observational studies to determine whether associations are causal, such invariance-tests are not counterfactual ones: We do not test whether generalizations would remain stable if we were to intervene, but rather whether they are in fact stable across subpopulations or different partitions of the data set (Russo 2011 (Russo , 2012 . Thus, according to Russo, it is rather a non-counterfactual concept of invariance that establishes causal reasoning in observational contexts 17 .
To argue in favour of condition (i) to (iii), I will point to what may be the first truly ecological epigenetics study -a natural experiment done by community ecologists Herrera and Bazaga (2011) -and especially to the way interventionist reasoning is linked to statisticians' modeling techniques in this case. Two modeling tools essential for observational studies will be addressed here: statistical conditioning and specification of structural models 18 .
16 For a thorough discussion of Russo's rationale of variation, see Russo 2009. Russo claims that this rationale is central to experimental contexts as well: "[V]ariation not only guides causal reasoning in observational settings, but does so also in experimental ones. (Russo 2012, 136 ; emphasize added)". This claim is questionable at least for disciplines like epigenetics, where most of the (co-)variation known is brought about in the lab by manipulation in the first place. 17 For a detailed discussion of Russo's concept of causal explanation in the social sciences, see Mateiescu 2012 . 18 I will focus on manipulative methods of building and modifying structural equation models rather than on 'interventionist' structural model testing, since there is already a vast literature on this subject (see, e.g., Freedman 1997; Pearl 2000; Woodward 2003; Tanaka et al. 2011 ).
Statistical conditioning implies, simply put, observing a population over a long period of time and then statistically controlling for a certain variable on paper without any physical changes in the field population. Thus we separate the data into groups that are homogenous with respect to the controlled variable, e.g., by controlling for potentially confounding variables.
Structural equation modeling (SEM) is a multivariate statistical analysis method often used in quantitative population research in ecology or evolutionary biology (Pugesek et al. 2003; Shipley 2000) . SEM models allow translating a set of hypothesized causal relationships between variables into a model concerning patterns of statistical dependencies. It offers methods for modeling complex systems with many assumed causal relationships between latent (not directly observed) variables. As in regression dependent variables in structural equations regress on independent variables, meaning that the dependent variables are being predicted by the independent ones.
Testing a proposed theoretical model against empirical data is known as the confirmatory aspect of SEM. If a model is difficult to fit on the data (e.g., because theory is vague) and repeated model modification is necessary, SEM enters into the explanatory mode, generally referred to as 'specification search' (Leamer 1978) . It is this explanatory mode that matters From the correlation pattern (depicted in figure 2A ) they derived the final causal thesis that natural epigenetic variation is likely to be, in addition to genetic and environmental variables, 19 This is the case, because "[u]ntil a few years ago, epigenetics was a field of research that had nothing to do with ecology and that virtually no ecologist had ever heard of" Zhang 2011, 1572) . 20 The epigenetic variation in this species refers to multilocus differences in DNA-methylation patterns among individuals measured by using methylation-sensitive molecular markers; DNA sequence variation refers to multilocus genetic differences among individuals exclusively in those loci known to be significantly related to herbivory. For a review on this study, see Bossdorf and Zhang 2011. an (at least partly) independent cause, which influences interactions between plants and 21 . Figure 2B shows a path diagram of the causal system after statistical manipulation. In a second methodological step, directly leading from statistical conditioning, Herrera and Bazaga (2011) designed a competing model situation that includes four alternative, most likely causal models varying in the fit to the data. These models correspond to different theoreti-cal positions on the potential causal role of epigenetic variation. This model specification procedure makes concessions to the fact that the theory of natural epigenetic inheritance is relatively vague, i.e. backed up by very little empirical data. Therefore they changed the causal relationships between variables in the model in various ways (linking the variables through different causal routes). Each time the model was re-evaluated using standard goodness of fit statistics. By this modification procedure they were able to rule out a couple of non-fitting, hypothesised causal models. But unfortunately, in the end, there were two different models left over with equally good fit to the data. These two models are represented together in one path diagram in figure 3 . Are these model building and model specification procedures used by Herrera and Bazaga (2011) guided by an interventionist view on causal explanation similar to the one we find in experimental epigenetics? The method of statistical manipulation, i.e. changing the substrate type variable to a certain non-actual value, initially used in this ecological epigenetics study, can easily be understood as being governed by Woodwardian w-questions like "What would happen if the plants would not live on their natural substrate type (e.g., rocks)?", which help to create a counterfactual, artificial population (population i , depicted in figure 2B ) where the value of this environmental variable does not change naturally 22 :
Because we were interested in the herbivory-genetic-epigenetic causal structure after controlling for ecological, substrate-related effects, the residuals after controlling for the average effect of substrate on herbivory were used […] rather than the raw herbivory data. (Herrera and Bazaga 2011, 1679; emphasis added) This counterfactual population i (plants living in an environment which does not interact with them through substrate types) is compared with the natural population to see whether the observed relationship between epigenetic (and genetic) and herbivory variation would remain stable or invariant. This procedure is closely linked to Woodward's concept of 'weak invariance' (Woodward 2003, chapter 6.15 and 7.8 ): Referring to observational data, i.e. an epidemiological study on the causal relationship between smoking and lung cancer done by Cornfield et al. (1959) , the notion of weak invariance means, simply put, that the generalization "smoking causes lung cancer" would remain stable across different partitions of the data set (e.g., across groups of people with different genetic backgrounds or socioeconomic conditions). These subpopulations of the data set are brought about by controlling for potentially confounding variables. Recently Russo (2011 Russo ( , 2012 argued that this notion of weak invariance, essential for SEM in observational studies, is not the standardWoodwardian notion of counterfactual invariance, but rather a kind of factual invariance (dealing just with observed, 'real-world' data). But, in fact, it is a counterfactual one: As shown above, testing (weak) invariance means testing whether the generalization "epigenetic variation causes difference in herbivory damage" would remain stable, if we were to bring about a certain counterfactual situation by controlling for the substrate type variable. It is this notion of counterfactual invariance that is crucial both for Woodward's account on causal inference in SEM (Woodward 2003, chapter 7.2 ) and for SEM model building techniques in ecological epigenetics, where testing for weak invariance provides information about which variables should be included or excluded from a causal model. However, like in molecular epigenetics ecological epigeneticists seem not to regard invariant generalizations as explanatory sufficient, since they seek to articulate the mechanisms underlying a dependency relation as well (see Herrera and Bazaga 2011, 1685) 23 .
As the bidirectional relationship in figure 3 correctly indicates, the manipulative model building and modification procedures used in this study carry with them a certain coarsegrainedness or fuzziness, since the correct causal relationship between epigenetic variation and ecologically relevant traits must remain to some degree unclear. This is likely to be a general problem ecological epigenetics has to deal with in future natural snapshot experiments: In 'snapshot' data sets phenotypes measured in the field at a particular time reflect both heritable variation as well as environmentally induced phenotypic plasticity (i.e.
less stable and reversible variation) 24 . For this reason it is difficult to decide between alternative models trying to explain the process leading to adaptive heritable epigenetic variation.
Does this mean that proving weak invariance of the association 'epigenetic variationherbivory damage' does not causally explain at all, since it offers no more information than the measured correlation of these variables? From the perspective of Herrera and Bazaga (2011) , already before the model modification procedure was started all four models introduced offer causal explanations: They "parsimoniously explain the observed associations between herbivory, genotype and epigenotype" (Herrera and Bazaga 2011, 1682; emphasis added) . Do these ecologists simply forget that correlations by themselves are not explanatory?
I claim that the dependency relation under study (see question mark in figure 3 Of course, proving weak invariance among variables in observational snapshot data sets necessitates additional experimental approaches to tease apart different causal models and to disentangle plastic from heritable epigenetic variation:
A comprehensive research programme in ecological epigenetics must include molecular studies and controlled experiments, but also field studies that test whether epigenetic patterns in natural populations are consistent with theoretical predictions and the results of more controlled, but less realistic, experiments. Zhang 2011, 1573) Such a program can be developed on the basis of the interventionist account, acting here as a "rationale underpinning causal reasoning" (Russo 2012, 131) studies with fixed environmental variables). These investigations can also perform the test for invariance under intervention, although by using different manipulation tools. In 27 Condition (iii), justifying the reasonableness of interventionist reasoning in observational contexts, is also compiled by the observational study on the association between smoking and lung cancer (Cornfield et al. 1959 ), discussed by Woodward. As Woodward correctly describes, despite epidemiological evidence on the stability of this association, "[a] similar stable association is found among laboratory animals exposed to tobacco smoke" (Woodward 2003, 312 Although there are other accounts on the market trying to address the topic of connecting observational and experimental epigenetic research 30 , I claim that picking an interventionist explanatory strategy (based on the notion of invariance under intervention and on counterfactual reasoning) and manipulative methodologies is a pretty good choice, because it enables scientists to establish transdisciplinary, reciprocal transparent research with greater simplicity -an issue which is crucial for this quite young field to benefit from causal knowledge coming from lab experiments.
Conclusion
Biology, if done in the lab, is manipulationists' business. As recent experimental work on epigenetic inheritance phenomena clearly indicates, the interventionist account elucidates the way how epigeneticists in molecular biology think about causation and causal explanation. 29 In the case discussed above, the final model yields the new counterfactual "[i]f the methylation states of at least some of the MSAP markers [indicating multilocus epigenetic variation] associated with the resistance of V. cazorlensis to mammal herbivory were heritable, then the association between epigenotype and herbivory would translate into herbivore-driven selection on epigenotypes" (Herrera and Bazaga 2011, 1685; emphasis in original) . In addition, new w-questions like "What would happen if all environmentally labile epigenetic variation would be controlled?" instantly arise. This special question could be answered by a Vastenhouw et al. (2006) like removal experiment that fixes the herbivory damage variable inducing epigenetic change at value {no herbivory damage} after generation F 0 (e.g., by using fences in a field experiment). 30 For example, see Tal et al. 2010 . This rather non-interventionist account on epigenetic contribution to covariance between relatives considers trajectory information about the number of opportunities for epigenetic reset between generations and assumptions about environmental induction to determine heritable epigenetic variance and epigenetic transmissibility.
Based on this explanatory framework, experimental epigenetics has developed a comprehensive methodological framework that rests upon manipulation of inducing environmental variables and multifactorial experimentation (especially to control off-path variables on different levels). However, epigeneticists' interventionist causal claims holding solely under conditions that could be brought about in a living system by means of physical manipulation conflict with the interest of biologists to explain causal relationships in naturally operating systems.
This contradiction is enhanced by the fact that epigenetics often deals with phenomena which are difficult to study without manipulation, because we cannot distinguish between natural (transgenerational) phenotypic effects brought about by genetic, epigenetic or environmental causes.
To escape this conflict between emphasizing manipulation and explaining natural associations, expanding research efforts into ecologically relevant circumstances have to be made. In addition, this step is essential to estimate the impact of the epigeneticists' Lamarckian framework on neo-Darwinism. I have argued that these efforts in ecological epigenetics go along with the crucial challenge to articulate reliable criteria and research strategies to interrelate molecular biologists' causal models with statistical models on observational data.
As the discussed epigenetic natural experiment shows, proving counterfactual dependencies Finally it should be stressed that this special 'translating capacity' of interventionism is not necessarily limited to biological research: Although physical manipulations are not day-to-day business in the social sciences, observational studies on social phenomena can intensify using this heuristic tool to bring causal modeling into agreement with experimental social sciences' methodologies.
